Figure 1S A Figure 1S B
Ramachandran plot for the main backbone dihedral angles φ and ψ of residues T51 and G52 from the Gly-rich loop. Section A: with two Mg 2+ ions bound to ADP, and section B: with no Mg 2+ ions bound. Top and bottom of each section correspond to reactant and product states respectively. The reactant state is a collection of beads 1 through 18 and has ADP in the binding pocket of PKA. The product state encompasses beads 113 through 185 and the ADP molecule placed at distances where no interactions could be detected. Dihedral analysis and figure were made using Bio3D program.
Methods
The system setup proceeded from the X-ray crystallographic structure of transition state analogue of 1L3R by removing AlF 3 and the phosphorylated substrate peptide. This leaves the catalytic subunit complexed with two Mg 2+ ions and an ADP molecule. The PDB structure was missing nine N-terminal residues 5 through 13, which were modeled in by building a straight polypeptide chain leaving a sizable separation between the atoms of the peptide bond between residues 13 and 14. Starting from this extended fragment its coordinates were optimized to a normal peptide bond length as follows. Initially, all the atoms of the protein except those of missing residues were fixed, and the backbone of the missing residues was restrained harmonically initially with a force constant of 100 kcal/(mol*Å 2 ) further mass-weighted. Using steepest descent optimization for 1000 steps the restraint was progressively released to 50, 25, 10, 5, 1 and 0.01. At the last restraint the optimization has been repeated for three more times. Finally, four more runs were performed without force constant using two SD and two ABNR runs. This was done in the gas phase for computational convenience. Although most of the residues behaved well under the optimization conditions, the peptide bond between residues 13 and 14 was established in the cis conformation. Regardless, the modeled piece remained highly flexible throughout the simulations, mimicking the experimentally observed disorder.
Furthermore, the modeled loop was sufficiently remote from the active site not to affect the results significantly. We have subsequently turned the cis conformation to trans to verify that it had no significant effect on the dynamics of the remaining, well-resolved part of the enzyme.
We protonated histidines 62, 68, 87, 142, 158 and 260 to have a positive charge, while histidines 131 and 294 were left neutral with the proton on Nε. The assignment of histidine protonation state was done through inspection of their nearest neighbor environment. In addition, residues S10, S139, T197, S338 were phosphorylated, each group contributing -2 charge. Note that phosphorylated residue S10 was in the disordered region.
S6
To have a solid reference system during the path optimization we picked a set of residues from four relatively rigid helices in the large, C-terminal lobe. For the path activation we used initially 24 beads. Activated evolution procedure was followed to span the path between the reactant and the product. We used relatively soft force constant 0.05 kcal/mol/Å 2 on all the heavy atoms of the solute except those fixed.
The reactive coordinate space for the activated evolution procedure comprised all of the heavy atoms of the protein except the fixed portion of the four helices of the rigid core.
Activation started from the reactant state that corresponded to the 1L3R structure with the ADP bound and every 60 ps evolution step a new bead was activated. This procedure was continued for 24 steps until all the 24 beads were activated. Every time a new path was generated, the new reference beads were realigned using the rigid portion of the large lobe as a reference frame. Thus the fixed portion maintained its precise coordinates in all the beads. We would like to note that we did restraint the Mg 2+ ions. However, at the beginning of the activation procedure, our product state had Mg 2+ ions bound to their original positions in the crystal structure. After running activated evolution for 20 steps in all of which Mg 2+ ions followed closely the ADP, we changed the product state by translating the Mg 2+ ions as well. This prevented collapse of the Mg 2+ ions back to the bound state. With that we completed the activation step after four more steps such that in the end the product state Mg 2 ADP was in the same conformation as it was in the bound state.
After the path was activated we continued optimization with all the beads now activated including the reactant and product endpoints. During optimization we employed the S7 following RCSs. Note that at step 391 we changed the RCS from all heavy atoms to the backbone atoms only and further excluded certain atoms of the ADP molecule.
The following RCSs are defined using the CHARMM scripting language and the CHARMM27 forcefield. Next section details comparative Bio3D analysis of the PKA structures that are present in the PDB and have been generated by the simulations of the present work.
RCS1

S12
Expanded Results and Discussion
Transport of ions by carboxylate shifts
Analysis of the RCS2 optimized transition path ensemble (see Methods) in the direction from apo, product to ADP-bound, reactant state indicates that during the relay Mg1 and Mg2 ions contact the carboxylic group of E170 at about the same time ( Figure 2S ).
Initially, Mg1 coordinates E170 in a monodentate fashion, but soon shifts to a bidentate coordination mode with the help of a carbonyl oxygen from T51 of the Gly-rich loop. and D184 complemented by N171. Finally, E170 breaks away from Mg2 leaving both ions in their familiar bound states.
[ Figure 2S here]
Three cation-binding sites created by nucleotide binding
Little is known about the process of Mg 2+ association with PKA. Before the structure of PKA became available, the activating Mg 2+ ion was thought to reside exclusively on the phosphates of ATP, with the inhibitory ion protein bound. In the absence of nucleotide, ions were found to bind nonspecifically to PKA, suggesting the lack of a well defined 
